Managing acidic, metal-containing saline ground and drainage waters in the Wheatbelt of Western Australia is an environmental and economic challenge. Sulfate-reducing fluidised bed bioreactors are shown to be technically capable of treating high salt, low pH, metal containing waters from the town of Narembeen in the Wheatbelt so as to reduce acidity and to remove most of the undesirable metal contaminants. The hydraulic residence time (HRT) limit for a stable process with groundwater from the region of Narembeen was .16 hours. The maximal rate of sulfate reduction in the laboratory system treating Narembeen groundwater was similar to rates observed in comparable applications of the process at other sites, ca. 3 g sulfate (L-reactor) 21 day
INTRODUCTION
In the Wheatbelt of Western Australia, the reduction in evapotraspiration associated with land clearing that occurred largely after the 1940s, has led to rising water levels in saline aquifers with impacts on many valley floor farms, infrastructure and towns in the region. Restoration of these lands by revegetation is not considered feasible (Hatton et al. 2003) . Currently, over one million hectares are affected by the secondary salinisation caused by changes to land use. Drainage is problematic due to the low relief of the landscape. Some drainage waters and groundwaters are highly acidic and enriched in metal and metalloid contaminants such as aluminium, arsenic, selenium, lead, copper, chromium and uranium and some rare earth elements such as lanthanum and cerium (Fitzpatrick et al. 2005) . There are concerns around the impact the acid and metals in the drainage waters may have on receiving environments such as wetlands, lakes, floodplains and creek lines. Various reports have called for examination of the potential to use this saline, metal-containing water as a resource; as a source of potable water derived through desalination, and as a source of metals and salts collected from the desalination reject waters (George & Coleman 2001; Barron 2006;  fluidised bed bioreactors to increase pH to above pH 7.5, and to remove 99% of zinc (Kaksonen et al. 2003b) . Bicarbonate generated by sulfate reduction decreases acidity and the hydrogen sulfide precipitates metal ions as metal sulfides.
Sulfate-reducing bacteria (SRB) are able to enzymatically reduce some metals and metalloids to form insoluble precipitates (Spear et al. 2000) . Aluminium, which often occurs in acid drainage, can be removed in sulfate reducing systems through the formation of alunite, KAl 3 (OH) 6 (SO 4 ) 2 as described by Gusek (2002) . According to De Vegt et al. (1998) , the biological treatment route offers considerable savings, roughly about half the cost of lime treatment when costs of sludge disposal are considered. Sulfate reduction has been described in the surface sediments of drains in the Wheatbelt of Western Australia (Fitzpatrick et al. 2005) . To utilise this process for treatment of Wheatbelt waters, experimentation with the actual groundwaters is required.
The aims of this study were to develop a sulfate-reducing fluidised bed bioreactor fed by saline, low pH, metal containing groundwater from the Wheatbelt of Western Australia, to determine its process limits, and the nature of the solids produced by the process and the salts crystallised from the reactor effluent. The study should enable the provision of a reasonable assessment as to the appropriateness (or not) of using bioreactors for treating acidic, metalcontaminated drainage waters in the Wheatbelt of Western Australia, to reduce their environmental impact, and to provide a potential water resource for the region.
MATERIALS AND METHODS

Sources of water, bacteria and bioreactor configuration
Sources of acidic, saline, metal contaminated water Groundwater was chosen as the source of natural saline acidic water from the Wheatbelt so as to provide a constant, uniform supply of influent water to enable the development of stable bioreactor performance over a period of months.
For the major part of the study, water from a production bore, bore NB 27I, in the Wheatbelt town of Narembeen showed good growth with ethanol in the substrate but sustained microbial growth was problematic with acetate.
The fluidised bed reactors were inoculated with cultures grown on ethanol and some (ca. 5 g) of the sulfidic mud that had been collected from Narembeen.
Reactor design and set-up
Initially, fluidised bed reactors (FBRs) were built based on a design used previously for the treatment of synthetic acidic mine wastewater by sulfate-reducing bacteria (Kaksonen et al. 2003a ) but after some initial experimentation, the positions of the influent lines were changed to just prior to the pump that drove the recycling, so as to ensure no backpressure through the lines that fed the reactor with acidic saline water and nutrients ( Figure 1 ). Sand (0.25-0.5 mm size fraction) was used as support medium. Heating tape and a temperature controller were used to maintain the temperature of the reactors at 28 -328C. A metal temperature probe, placed in a plastic tube filled with mineral oil, measured the internal temperature of the reactors. The volume of liquid in the reactor and recycle line was 455 mL.
The bed volume of non-fluidised sand was 318 cm 3 . The bed volume of fluidised sand was 630 cm 3 .
Reactor operation
Initially, the influent to the reactors was a mixture of neutralised Narembeen groundwater (as used in the preparation of the enrichment cultures) and a nutrient mix of ethanol, urea and KH 2 PO 4 . Influent water was changed to non-neutralised Narembeen groundwater (pH 3.4) 17 days after inoculation. After an extended period of reactor testing with Narembeen groundwater, neutralised groundwater was used on other occasions when biomass needed to be re-established in the reactors as a result of biomass loss associated with either intentional (testing the effects of low retention times on bioreactor stability) or unintentional (blockage, temperature failure) bioreactor perturbations.
In some cases, when the sulfate-reducing biomass did not recover from the perturbation, effluent from another reactor, that contained an active population of SRB, was used as influent to the test reactor, to re-establish the population of sulfate reducing bacteria in the perturbed reactor. These changes were made on an "as needed" basis in response to changes in the chemistry of the reactor which was monitored on a regular basis. in the combined reactor feed, which for Narembeen water gives a molar ratio for ethanol to sulfate of ca. 9:24. As 3 moles of sulfate are reduced by 2 moles of ethanol (Kaksonen et al. 2003b) , if all ethanol is completely utilised for sulfate reduction, then sulfate was in excess compared to the ethanol concentration.
Initially, flow rates and hydraulic retention times (HRT) used in the reactors were estimated from pump calibrations.
As these proved to be inconsistent, after about 60 days of operation, flow rates were measured by changes in the mass of effluent from the reactor, and influent of the nutrient mix to the reactor over time. The reactor recycle rate was set according to the increase in volume of the carrier material.
This was generally between 10% and 20% with a flow rate of approximately 160 mL min 21 .
Methods for the analysis of reactor influent, effluent, mineral salts and sulfidic precipitates 
Analysis of precipitates in the reactor effluent
Sedimented precipitates were washed twice in 100 mL of distilled water (pH 7.0), and collected by centrifugation (6,000 g for 10 min) after each wash. The material was dried overnight at 608C. The composition of a sub-sample of the dried material was analysed after multi-acid dissolution by ICP-MS or ICP-OES by UltraTrace Pty Ltd (Canning Vale, Western Australia).
Analysis of salts prepared from bioreactor influent and effluent waters
To determine the amount of metal contaminants in salts prepared from Narembeen groundwater, before and after bioreactor treatment, about 750 mL of each solution was filtered through a 0.2 mm filter then evaporated to dryness at 508C over a number of days. Once dry, 1 g of each salt was dissolved in 100 mL of milliQ water to which 100 mL of 
RESULTS
Reactor performance for treating Narembeen groundwater A sulfate-reducing FBR was run on Narembeen water for 330 days in an attempt to develop a stable sulfate-reducing bioreactor process to effectively neutralise the acidic groundwater, and remove metal contaminants. A summary of performance of the reactor is shown in Figure 2 .
The experimentation was undertaken to test the limits of the process, so that the minimum HRT required for effective treatment of the water could be determined. The experimentation was also designed to provide an understanding of the effectiveness of the bioreactor in treating acidic, metal-contaminated saline Narembeen water. In testing process limits, it was known that periodic upset of the process would result, and periods of recovery of the microbial biomass and its activity would be necessary. Most known sulfate-reducing bacteria do not function well at pH , 4 (Doshi 2006) . The intent of the high recycle rate of reactor effluent was to rapidly raise the pH of the influent mixture to above pH 4 before the reactor biomass was exposed to it. It was expected that a process failure would be especially problematic for the biomass as the reactor effluent would have a lower neutralising capacity when mixed with the incoming low pH Narembeen water.
Although reactor limits under the conditions of treating Narembeen water were not known a priori, Kaksonen et al. Narembeen water was slowly decreased to ca. 6, and the pH of the effluent remained around pH 8.
Phase B: Days 24 to 46. As the reactor was functioning well, the influent water to the reactor was switched to nonpH adjusted Narembeen water with a HRT of 16 hours.
The pH of the reactor effluent slowly decreased to a pH of 6.7 and sulfide concentration dropped slowly. On Day 46, due to corrosion of the temperature probe that controlled the heating of the column, the thermostat control on the bioreactor failed and the bioreactor overheated to 808C with catastrophic effect on the process performance due to pasteurisation of the biomass.
Phase C: Days 46 to 83. Continual re-inoculations of the bioreactor to re-establish biomass while using non pH adjusted Narembeen water were problematic, and although the pH of the reactor effluent water remained higher than the pH of the reactor influent water, perhaps due to alkalinity release from solid phases in the bioreactor formed during Phases A and B, dissolved sulfide concentrations were extremely low indicating poor process performance.
The indication from this Phase was that a sulfate-reducing fluidised bed cannot be established on non pH adjusted Narembeen water in a reasonable time frame.
Phases D, E and F: Days 83 to 137. In phase D, sulfatereducing activity was re-established by using pH adjusted Narembeen water as influent. Too early use of non-pH adjusted Narembeen water as influent water for 10 days in Phase E caused the effluent pH to drop to 5.5 and, therefore, the influent was returned to pH adjusted Narembeen water.
The target HRT in these Phases was 15 hours. Hydrogen sulfide production recommenced and alkalinity started to water with a lack of carbon and energy source required for the production of alkalinity to ameliorate the acidity of the influent stream. To re-establish the biomass, effluent from another functioning bioreactor was used as influent to this test reactor through Phase J. This influent water carried its own alkalinity (and inoculum) so during this Phase, influent pH was high, effluent pH returned to close to pH 7, but the sulfate reduction rate dropped to close to zero as the influent water was severely depleted in sulfate as it had previously passed through a sulfate-reducing bioreactor. 
DISCUSSION
As with most biological processes that are used to treat waste streams under extreme conditions, initial establishment of the sulfate-reducing biomass for the treatment of low pH Narembeen water required that the biomass was not exposed to the unmodified target water. Instead, the biomass was grown initially on pH adjusted Narembeen water. When the reactor process suffered due to the intentional testing of the process limits, or due to unintentional disruptions such as pump or thermostat failures, re-establishment of the process always required some amelioration of the influent pH. It usually required about one month for successful re-establishment, as when shorter periods were attempted (e.g. in Phases E or J, Figure 2 ), the effluent pH and rates of sulfate reduction fell. There were numerous practical difficulties associated with running these experiments. Clogging of bioreactors and their feed and recycling lines is a common operational problem for long term experimentation with laboratory scale bioreactors (Tsukamoto et al. 2004) . In large scale field operations this can be overcome through the use of larger pumps and pipe work.
Whenever the HRT for treatment of Narembeen water was reduced to 16 hours or less, the pH of the effluent from the bioreactor fell rapidly (Phase B in Figure 2 ), or the bioreactor could not maintain an effluent pH of 6 or above (Phases H in Figure 2 ). When the bioreactor was used to treat Narembeen water, a stable bioreactor process could be maintained at a target HRT of 24 hours (Phases G and L in Figure 2 ), although the actual HRT periodically and intermittently fluctuated above and below this target.
Successful treatment of Narembeen groundwater would seem to require an HRT of 24 hours.
A similar reactor to the one used in this study operated down to an HRT of . 6.1 hours when treating synthetic acidic metal contaminated water that contained substantially less salt ,5 g L 21 (Kaksonen et al. 2004) . The single major difference in the reactor design was that the biomass carrier material was sand and high salinity natural waters were used in this study, whereas in the study of Kaksonen when ethanol was used as a carbon and energy source, with lower rates achieved at salt concentrations of 71 g L 21 salt (Vallero et al. 2004) .
Metal by-products
It has been suggested previously that if Wheatbelt water could be treated so as to capture metals, the metals, especially rare earth elements, may represent a valuable by-product so as to increase the economic potential for any process for dealing with problematic Wheatbelt waters (Barron et al. 2003 ).
An analysis of the metal/metalloid composition of the acid digest of the precipitate material taken from the settlers of the bioreactors during the treatment of Narembeen revealed metals in the following concentrations (mg kg 21 ):
Al, 169000; S, 14000; Ca, 9000; Fe, 7300; Na, 7000; P, 3740;
Mg, 2600; K, 800; Zn, 667; Sr, 658; Ti, 300; Ni, 209; Ce, 199; Pb, 180; Cr, 175; Cu, 160; La, 86.8; Mn, 83; Co, 70; Nd, 67.1; Y, 40.5; Pr, 19.4; Ba, 18; U, 13.9; Zr, 13; Sm, 12.2; Sn, 11; V, 10; Gd, 9.8; Sc, 8.5; Li, 8; Dy, 7.7; Be, 7.5; Th, 6.1; Rb, 4.4; Er, 3.9; Yb, 3.4; As, 3; Ga, 3; Eu, 2.8 
Salt recovery
Using the analyses of major cations and anions in treated Narembeen water (Table 1) , the salts that form during evaporation of each water type were modelled using the which substantially decreased the Na:Mg molar ratio. and pH increase would lessen the environmental impacts of these waters should they be disposed of to lakes and wetlands, as is currently practiced. As the concentration of silicon is also greatly reduced through the bioreactor process, the potential for successful treatment of the reactor effluent by reverse osmosis, to produce potable water and a highly concentrate brine is also enhanced, as silica is the major foulant of reverse osmosis membranes when treating Wheatbelt saline waters. Salts that are relatively free of metal contaminants can be produced from water that has been treated by the sulfate-reducing fluidised bed bioreactor, unlike salts produced by evaporation of untreated saline groundwater from Narembeen. It is unlikely that metal precipitated from Wheatbelt waters by the process would be of economic value because of the difficulties of extracting specific metals from the mixed-metal precipitate.
Although not detailed here, the cost of fluidised bed sulfatereducing bioreactor treatment of Narembeen water was estimated at $3.72 kL
21
, although extrapolation of full-scale process costs from laboratory experimentation should be treated with great caution. Salinity control may be required at Narembeen and many other Wheatbelt towns. At Narembeen, damage costs associated with salinity has been estimated to cost $2.05 million with a time to impact of 5 years (Sparks et al. 2006) . Management costs to protect 
